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Abstract: We study the signatures of minimal lepton flavour violation in a simple Type- 
Ill see-saw model in which the flavour scale is given by the new fermion triplet mass and it 
can be naturally light enough to be produced at the LHC. In this model the flavour struc- 
^ ■ ture of the lepton number conserving couplings of the triplet fermions to the Standard 

^ . Model leptons can be reconstructed from the neutrino mass matrix and the smallness of 

the neutrino mass is associated with a tiny violation of total lepton number. Characteristic 
signatures of this model include suppressed lepton number violation decays of the triplet 
fermions, absence of displaced vertices in their decays and predictable lepton flavour com- 
position of the states produced in their decays. We study the observability of these signals 
in the processes pp ^ 3i -\- 2j -\-IpT and pp ^ 2t -\- Aj with £ = e or /i taking into account 
the present low energy data on neutrino physics and the corresponding Standard Model 
backgrounds. Our results indicate that the new fermionic states can be observed for masses 
up to 500 GeV depending on the CP violating Major ana phase for an integrated luminosity 
of 30 fb^^. Moreover, the flavour of the final state leptons in the above processes can shed 
light on the neutrino mass ordering. 
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1. Introduction 

The observation of neutrino masses and mixing is our first evidence of physics beyond the 
Standard Model (SM) [1]. The CERN Large Hadron Collider (LHC) has started opera- 
tion with the aim of exploring physics beyond SM at the TeV scale. Then, an obviously 
interesting question is whether the new physics (NP) associated to the neutrino masses can 
be within the LHC reach. Here we analyze the LHC potential to unravel the existence of 
triplet fermionic states that appear in minimal flavour violating theories based on Type-Ill 
see-saw models of neutrino mass. We also discuss how to probe the neutrino mass ordering 
in the production and decay of these new possible states. 

NP effects at energies below the characteristic NP scale can be described in terms of 
effective higher-dimension (d > 4) operators and it is well known that, with the parti- 
cle contents of the SM, there is just one dimension-five operator which can be built [2], 
cks/AlnC's = ctb/^LNLj^Lj^HH, where and H are the leptonic and Higgs SU{2)l dou- 
blets. This operator breaks total lepton number and after electroweak symmetry breaking 
it generates Majorana masses for the neutrinos rrii^ ~ o^v'^/Aln, where v is the SM Higgs 
vacuum expectation value (vev). Consequently neutrinos are much lighter than the other 
SM fermions because of the large scale of total lepton number violation Al^. In sim- 
ple renormalizable realizations of NP this dimension-5 operator can be generated by the 
tree-level exchange of three types of new particles: 

• Type-I see-saw [3]: One adds at least two fermionic singlets of mass M and the 
neutrino masses are nii, ~ X^v^/M, where A is the Yukawa coupling. 
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• Type-II see-saw [4]: One adds an SU{2)l Higgs triplet A of mass M and with 
a neutral component which in presence of scalar doublet-triplet mixing ji term in 
the scalar potential acquires a vev = \iv^ jM"^. The neutrino masses are mn ~ 

• Type-Ill see-saw [5]: One adds at least two SU{2)£^ fermion triplets with zero hy- 
percharge generating neutrino masses, rrii, ^ }?v^ /M. 

In addition hybrid scenarios containing some combination of these states have also been 
constructed [6]. In any of these mechanisms the smallncss of the neutrino mass can be 
naturally explained with Yukawa couplings A ~ 0(1) if the masses of the heavy states are 
M ~ Kln ~ 10^^-1^ GeV (with /x ~ M also for Type-II), clearly out of reach of the LHC. 

Since strictly nothing prevents that the new states have TcV scale masses, there has 
been an increasing literature studying the possible signatures of these ncutrino-mass- 
inducing states with TeV-scale masses at the LHC (see e.g. [7-12]). Nevertheless, in 
some cases such a low-scale M is technically unnatural or, in some others, it is simply not 
very well motivated theoretically. Notwithstanding consistent models of TeV-scale see-saw 
exist in the literature for some time (see e.g. [13,14]). 

Generically, at low energies the Lagrangian of the full theory can be expanded as 

C = CsM + + ^06,i + . . . (1.1) 

where is Weinberg's operator responsible for neutrino masses, and Oq^i are flavour- 
changing, but lepton number conserving, dimension-6 operators. In this context attractive 
TeV-scale see-saw models are those for which it is possible to relate the mass of the new 
states M KpL ^ O (TeV) but still keep Kln ^ ^fl to explain the smallness of the 
neutrino mass. This is different than the simplest implementations described above for 
which M ~ Aijv ^ KpL- 

In this effective operator approach the possibility of TeV scale see-saw models has 
been recently revised in the context of minimal lepton flavour violation (MLFV) [15-18]. 
Minimal flavour violation was first introduced for quarks [19] as a way to explain the 
absence of NP effects in flavour changing processes in meson decays. The basic assumption 
is that the only source of flavour mixing in the full theory is the same as in the SM, i.e. the 
quark Yukawa couplings. This idea was latter on extended for leptons [16, 17] although for 
leptons the precise hypothesis corresponding to MLFV is less well-defined as the SM only 
contains Yukawa couplings for the charged leptons and those are not enough to explain the 
neutrino data. Consequently, the couplings and generation structure of the new states must 
also be considered when defining the conditions for MLFV, making them model dependent 
by default. 

In Ref. [15] simple see-saw models were constructed which realize the conditions asso- 
ciated with MLFV as set-up in Ref. [16], i.e. there is large hierarchy between the lepton 
number and lepton flavour breaking scales, A^jv ^ ^FL^ and the coefficients ag^j are de- 
termined by 05. As discussed in Ref. [15] these conditions are automatically fulfilled by 
the simplest Type-II see-saw model if a light double-triplet mixing fi is assumed. For LHC 
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phenomenology this leads to the interesting possibility studied in detail in Refs. [9, 20] of 
the production of the triplet scalar states with all their decay modes determined by the 
neutrino mass parameters. Prom the theoretical side, one drawback of such a scenario 
is that it is difficult to keep such a low ^ stable if generated by spontaneous breaking 
of lepton number. In the same work [15] the authors presented a very simple model for 
Type-I or Type-Ill see-saw with naturally light states. From the point of view of LHC 
phenomenology these models are attractive since, a) the new states can be light enough to 
be produced at LHC, and b) their observable (ie the lepton number conserving) signatures 
axe fully determined by the neutrino parameters. In Type-I see-saw the new states are SM 
singlets, and therefore, they can only be produced via their mixing with the SM neutrinos. 
This leads to small production rates which makes the model only marginally testable at 
LHC. Typc-III see-saw fermions, on the contrary, are SM triplets with weak-interaction 
pair-production cross section, and consequently, having the potential to allow for tests of 
the hypothesis of MLFV. This is the scenario which we explore in this work. Alternatively, 
signals of MLFV in a model in which the MLFV condition does not involve the states 
associated with the generation of neutrino mass has been explored in Ref. [21]. 

The outline of this work is as follows. In Sec. 2 we summarize the basics of the model in 
which the flavour scale is given by the new fermion triplet mass and it can be naturally light 
to be within reach at LHC. We describe how in this model the flavour structure of the lepton 
number conserving couplings of the triplet fermions, and consequently their observable 
decay branching ratios to the SM leptons, can be reconstructed from the neutrino mass 
matrix. In this model the lightness of the neutrino mass implies that lepton number 
violating decay modes of the triplet fermions are suppressed. Section 3 describes the 
generic features of the expected total lepton number conserving signatures. In Sec. 4 we 
evaluate in detail the signal and backgrounds for the process pp — > llljjl^T for which the 
challenge is the identification/ assignment of the lepton corresponding to the decay chain 
of each of the fermion triplets. Section 5 contains our analysis of the discovery potential of 
the process pp Ujjjj which presents a larger QCD background. For both final states we 
evaluate the expected signals within the presently allowed ranges of neutrino parameters, 
we study their statistical significance as a function of those for fermion triplet masses in 
the range 150-500 GeV and we also discuss how to probe the neutrino mass ordering in 
these final states. These studies are done for the LHC running at 14 TeV. We comment on 
Sec. 6 the potential of the 7 TeV run. Finally we summarize our conclusions in Sec. 7. 

2. Simplest MLFV Type-III see-saw model 

We describe here the simplest MLFV model presented in Ref. [15] adapted for Type-III see- 
saw. As explained above, Type-I see-saw heavy fermions are SM singlets, and therefore, 
they can only be produced via their mixing with the SM neutrinos. This leads to small 
production rates which makes the model only marginally testable at LHC. 

In this MLFV Type-III see-saw model the SM Lagrangian is extended with two fermion 
triplets S = (Si,E2,S3) and S' = (£'^,£2,^3), each one formed by three right-handed 



-3- 



Weyl spinors of zero hypercharge. Hence, the Lagrangian is 



= CsM + C.K + >Cy + £a 



(2.1) 



with 



11k 



• + h.c. 



(2.2) 

(2.3) 

(2.4) 



Here r are the Pauh matrices, the gauge covariant derivative is given by = d^+igT -W^, 
where T are the three-dimensional representation of the SU (2) generators, is the SM 
Higgs doublet, and Lf = {iyf,£f)'^ are the three lepton doublets of the SM. The index w 
makes reference at the fact that these are weak-eigenstates to be distinguish from those 
without the index which will be the mass eigcnstates. 

In the MLFV Typc-III sec-saw model the flavour-blind parameters e, fi and fi' are 
small, ie, the scales /i and fi' are much smaller than A and v and e <C 1. As a consequence 
the Lagrangian in Eq. (2.1) breaks total lepton number due to the simultaneous presence 
of the Yukawa terms Yi and eV- as well as to the presence of the /x and n' terms. In 
the limit /it', e — )■ it is possible to define a conserved total lepton number by assigning 
L(L"') = L(S) = -L(S') = 1. 

After electroweak symmetry breaking and working in the unitary gauge, (p^ = -^[v 0) 

the six Wcyl fermions of well defined electric charge are S^"* = (^^i^ T ^^2^) 



^0 ~ ^3 

and the neutral Major ana fermions N and N' 



E^'^ From those one defines the negatively charged Dirac fermions E and E' 



(2.5) 



In this basis the leptonic mass terms read 



with 



Mo iV 



R 



Mn 



^y- 

e^y A 



A 



IT ■ 



(^1 El E'^) M± Le^ + 



E' 



(2.6) 



( vy^ ^yt e^y/f \ 

v2 



M±= a' A (2.7) 



where are the charged lepton Yukawa couplings of the SM and Y^'^ = {Yj'\Y2\Y^'^). 
In writing Eq. (2.6) we denote by and two column vectors containing the three 
neutrinos and charged leptons of the SM in the weak basis respectively. Furthermore, 
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without loss of generality, we have chosen to work in a basis in which A is real while both 
Y and Y' are complex. In general the parameters /i and ji' would be complex, but for 
the sake of simplicity we have taken them to be real in what follows though it is straight 
forward to generalize the expression to include the relevant phases [24]. 

Diagonalizing Cm one finds three light Majorana neutrinos - the lightest being 
massless - and three light charged massive leptons 4 that satisfy 

,,2 / T' \ 

V , (21 



m 



m 



diag ^'^^ 



-—e{Y''Y + Y^Y' 



= JLv'^Y'^ 



V2 



1 



2A2 



V. 



(2.9) 



and Vl being 3x3 unitary matrices and for convenience we have defined the combi- 
nation 



e2A 



(2.10) 



One finds also two heavy Majorana neutral leptons and two charged heavy leptons with 
masses M 2± A(l ^ construct a quasi-Dirac state N with the two Majorana 

neutral leptons and two combinations of the heavy charged leptons and E2 which are 
related to the weak eigenstates by 



-Y^Nt 
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(2.11) 

(2.12) 
(2.13) 
(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 



where we have used that, in general, one can choose the flavour basis such as Vl ~^R ~ ^■ 
To first order in the small parameters the neutral weak interactions of the light states 
take the same form as that on the SM and the charged current interactions read ^ 



flight 



-^{iLl^ULEP'^LW-)+h.C. 



(2.20) 



^Violation of unitarity (and flavour mixing) appears in the CC (and NC) interactions of the light leptons 
to higher order [22-24]. 
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where g is the SU{2)l couphng constant. 

After absorbing three unphysical phases in the definition of the hght charged leptons, 
the leptonic mixing matrix can be chosen 





(l 
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Cl3 





Ulep = = 
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(2.21) 



where Cjj = cos 6ij and Sjj = sin^jj. The angles di j can be taken without loss of generality 
to lie in the first quadrant, 9ij G [0, 7r/2] and the phases Sqp, a G [0,27r]. The leptonic 
mixing matrix contains only two phases because there are only two heavy triplets and 
consequently only two light neutrinos are massive while the lightest one remains massless. 



As shown in Ref. [15] in this simple model one can fully reconstruct the neutrino 

Yukawa coupling Y and the combination Y' from the neutrino mass matrix. Therefore it is 
not possible to reconstruct the Yukawa couplings Y' from Eq. (2.10) without the knowledge 
of the parameters e and jj,. The reconstruction is different for normal and inverted orderings: 

• Normal Ordering (NO): In this case we have = mi < m2 < and the Yukawa 
couplings are given by 



Y' 



y 

V2 



where y and y' are two real numbers and 
^/l + r-^/r 



nil = , 



r = 



2 2 

1712 — nil 

2 2 ' 

— 7X12 



ni2 = — -P) 



eyy'v^ 



(2.22) 



(2.23) 

(1 + p) . (2.24) 



Inverted Ordering (10): If we have = < mi < m2 the Yukawa can be written as 



with 



Ya= ^(^./TT~pu:2 + v^pu:i) > 



V2 

P = ; ) f 

vrT7+i 

m3 = , mi 



mo — m 



m\ — m. 
eyy'v^ 



1 

2 ' 



A 



m2 



eyy'v^ 



(2.25) 



(2.26) 

(1 + p). (2.27) 
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Figure 1: Allowed ranges of the Yukawa couplings jYeP = l^iP/y^ and = |F2p/y^ obtained 
from the global analysis of neutrino data [25] . The upper four panel shows the values of the couplings 
as a function of the unknown Majorana phase a. The correlation between the two couplings is own 
in the two lower panels. The left (right) panels correspond to normal (inverted) ordering. The 
dotted line corresponds to the best fit values. The ranges in the filled areas are shown at la, 2a, 
and 99% CL. 

We plot in Fig. 1 the ranges of the Yukawa couplings \Ye\'^ = \Yi\'^/y'^ and = 
|^2p/y^ obtained by projecting the allowed ranges of oscillation parameters from the global 
analysis of neutrino data [25] using Eqs. (2.22), (2.23), (2.25), and (2.26). The ranges are 
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shown at la, 2a, and 99% CL (Idof) while the dotted hne corresponds to the best fit values. 
We show the ranges of these Yukawa couplings as a function of the unknown Majorana 
phase a, as well as we present the correlation between the Yukawa couplings in the above 
flavours. As we can see from this figure, the electron and muon Yukawa couplings exhibit 
a quite different behavior with a for the NO and 10 cases. It is also interesting to notice 
that the two Yukawas are invariant under a going into tt — a in the limit that S13 or S go 
to zero for the 10 mass ordering. 

Also to the same order the Lagrangian for the interactions of the heavy triplet states 
reads: 

Cy^ = -g - 'N-i^E^W-^ + h.c. 

--^ {KaU^i'NLW; + K'J^L^i^Nr^W;) + h.c. 

+g (kaV^rE+i^W- + k'jJ^^^^E-^^W^) + h.c. (2.28) 



Cz = gCw [e^^E^Z^ - E+^EtZ^) 

[kaiy^l^NLZ^ + K'^T^^^^Nr'^Z^^ + h.c. 



2Cw 

{KaU^E-^Z^ + K'J^^^E+^'Z^) + h.c. (2.29) 
e (e^j^E^A^ - E+^EtA^) (2.30) 



2Mw 



KoP^Nr + K''17^nA h^ + h.c 



(i^a^L^iK + KXlE+lI + h.c. . (2.31) 

where cw is the cosine of the weak mixing angle and the matrices K^'^^'^ and are 
defined as: 



K' = — 

K" = 2^ 



^^a \ AA J 

err - ( 



(^) 



K = UIep^K ■ (2.32) 



K'd — ^LEPca^c 



We can see from Eqs. (2.22)-(2.27) that the fiavour structure of the lepton number 
conserving couplings of the heavy triplet fermions, K and K, is fully determined by the 
low energy neutrino parameters. Moreover, its strength is controlled by the real number 
yv/A. while the combination eyy' / K is fixed by the neutrino masses. On the other hand 
we find that the L-violating couplings K'^"'> and k'^"'> are different from the combination 
determined by the low energy neutrino parameters, Y' . This is, the L-violating couplings of 
the triplet fermions are not fixed by the low energy neutrino parameters. However one must 
notice these L-violating couplings are very suppressed since in the MLFV framework the 
smallness of the neutrino mass naturally stems from the smallness of total lepton number 
violation which is associated with the smallness of the e, /i and /i' parameters. 

The low energy Lagrangian after integrating out the triplet states takes the form of 
Eq. (1.1) with KpL = A and A/^jv = A/y^, A^///, A^///'. So there is no state with mass 
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Ali^. Furthermore the hierarchy of scales A^jv S> Api is tcchnicahy natural in the t'Hooft's 
sense since it is associated with the smallness of e, and ji' parameters and in the limit 
/u', e — > total lepton number symmetry is restored. 
In what respects to the phenomenology of the heavy fermion triplets, total lepton 
number violation appears in their decays as a consequence of the presence of both "primed" 
and "not primed" couplings in Eqs. (2.28)-(2.31) as well as of the 0(///A, /x'/A) mass 
splitting and mixing in the heavy states. Thus small total lepton number violation implies a 
strong hierarchy between the lepton number conserving and lepton number non-conserving 
effects in the heavy fermion collider phenomenology and renders the observation of L- 
violating signals impossible at the LHC. This is the main difference with the expected 
LHC signatures in non MLFV scenarios for type-Ill see-saw such as the ones studied for 
example in Refs. [10,12] where AL = 2 final states constitute a smoking gun signature which 
is very suppressed in the MLFV model here considered. Consequently, when discussing 
the signatures associated with this scenario, we will concentrate on total lepton number 
conserving signals. 

3. Signatures 

The dominant production processes for the heavy triplet fermions in this model are pair 
production due to their gauge interactions: 



where for simplicity in the second reaction and in what follows we gencrically denote by "A^" 
either the N oi N state. The cross sections for these processes are well-known functions 
of their mass, see for example [8], and for completeness we plot them in the left panel of 



pp E^E-, pp EfN for i = 1, 2 , 



(3.1) 



Fig. 2. 



The widths for the different decay modes read [8]: 




(3.2) 
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Figure 2: Left panel: Cross section for tlie triplet fermion pair production NEf and E^E^ 
that have the same values that the cross sections for NE^ and E2E2 respectively. Right panel: 
Maximum decay length of the triplet fermions E^ (blue upper curve), N (red middle curve), and 
E2 (magenta lower curve). In all cases we have taken m/jO — 120 GeV and assumed k — 1/10. 



Using Eq. (2.32) it is trivial to show that 

t|i^a|^ = El^.P = ^, (3.3) 

a=l a=l 

and show that total decay widths for the three triplet fermions F = N, , E2 are 

where Tp{A) — )• for A m^o , Mz, Myy- In a general Type-Ill see-saw model it is possible 
that the branching ratio of N or E^^ into a light lepton of a given flavour is vanishingly 
small. This is not the case for the Type-Ill see-saw MLFV model studied here since the 
Yukawa couplings fixed by the neutrino physics are non- vanishing; see Fig. 1. 

Other important characteristic of this simple MLFV model is that the values of the 
neutrino masses imply a lower bound on the total decay width of the triplet fermions as a 
consequence of the hierarchy between the L-conserving and L- violating y and ey' constants. 
Let us write ey' < ky, where A; < 1. From Eq. (2.24) or (2.27) it follows that 



yV ^713(2) ^ V"'3(2) "^1(3) 0.046 eV 

A2 ^ fcA(l + p)~ kA{l + p) ^ kA ^ ■ ^ 

where the last number is obtained at 99% CL from the global analysis of neutrino data [25] . 
We depict in the right panel of Fig. 2 the resulting minimum decay width for the triplet 
fermions as well as their corresponding maximum decay length for any value of k < 0.1. 



-10- 



From this figure we see that in this minimal model, even for heavy states as light as A = 150 
GeV, the corresponding decay length is always 

cr< 100 |Ltm (3.6) 

and it decreases rapidly with A. Such a small decay length is too short to produce a 
detectable displaced decay vertex [26,27]. The use of detached vertices as signatures of the 
heavy state decays have been discussed in the context of more general see-saw models [9- 
12]. The lack of this signature in this MLFV model makes the background reduction more 
challenging. Conversely if a triplet fermion signal is found without a displaced vertex, 
it will point out towards a very hierarchical neutrino spectrum such as predicted in this 
simple model. 

The most characteristic signature of MLFV Type-Ill see-saw models is the dependence 
of the decays of the triplet fermions on the low energy neutrino parameters through the 
Yukawa couplings. Therefore, in order to be able to tag the lepton flavours, we are lead 
to consider processes where the new fermions have two-body decays exhibiting charged 
leptons, i.e. 

pp ^ F{-^ iaX)F'{-^ 4X') (3.7) 

for F,F' = N, Ei and with X, X' = Z, W, h^. In fact, it turns out that the production cross 
sections of these processes satisfy 

a [pp ^ F{^ laX)F\^ kX')] oc iFaPlnP (3.8) 

where Ya=—- Therefore, the number of events for final states with different combinations 
of charged lepton flavours (a, h) can be fully determined in terms of the low-energy neutrino 
parameters. However, in order to test this prediction one must take into account how the 
SM bosons, X and X' , decay and that the final state contains at least six particles, what 
makes the reconstruction of the decay chain non trivial, as well as, the presence of the 
irreducible SM backgrounds. 

Keeping in mind the above discussion, the most promising signatures to both detect 
the triplet fermions, as well as, to test the flavour predictions in this model are those in 
which 

(i) The branching ratios into the final state after considering the decays of X, X' are not 
strongly suppressed. 

(ii) After reconstruction the process should allow us to identify the charged leptons (.ij 
originating from the two body decays of the triplet fermions. 

(iii) To have further information the topology should permit the identification of the 
bosons X or X'. 

(iv) We should be able to reconstruct the invariant mass of the systems XI to identify 
the presence of the triplet fermion pair. 
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Altogether wc find that the most promising final states, that can be fully reconstructed, 
are three leptons plus two jets and missing energy proceeding via 



pp — >■ W 



^ iv(^ ^ i^if,.) Efi^ e^z/h ^ i^jj) , 



(3.9) 



and two leptons and four jets resulting from 



(3.10) 



In order to establish the observability of these signals it is important to keep in mind that 
the final states present not only SM backgrounds, but also receive contributions from other 
decays of the triplet fermions, as we shall see. Notice also that we do not consider the 
production of the charged heavy fermions since they decay exclusively into vW pairs, 
so flavour tagging of the final leptons it is not possible. Such processes can contribute to 
extend the LHC potential to unravel the existence of the triplet fermions but do not allow 
for the test of the MLFV hypothesis. 

We study process (3.9) in detail in Sec. 4. It is characterized by a good signal to 
background ratio [7] and the main challenges, as we will see, are the reconstruction con- 
ditions {ii) and (iv). Process (3.10) is analyzed in Sec. 5. In this case both bosons decay 
hadronically what gives a high signal rate and since there are only two leptons in the final 
state and no neutrinos, the reconstruction conditions are more easily fulfilled. The main 
challenge, as we will see is the presence of a larger QCD background. 

We perform our analysis at the parton level, keeping the full helicity structure of the 
amplitude for both signal and backgrounds. This is achieved using the package MAD- 
GRAPH [28] modified to include the new fermions and their couplings. In our calculations 
we use CTEQ6L parton distribution functions [29] and the MADEVENT default renor- 
malization and factorization scales and a pp center of mass energy = 14 TeV, unless 
otherwise stated. Furthermore, we simulate experimental resolutions by smearing the en- 
ergies, but not directions, of all final state leptons and jets with a Gaussian error given 
by a resolution AE/E = 0.14/ ^/E for leptons while for jets we assumed a resolution 
AE/E = 0.5/V^e 0.03, if \r]j\ < 3 and AE/E = l/^/E®0.07, if \r]j\ > 3 (E in GeV). 
We also consider a lepton detection efficiency of = 0.9 and a jet one of = 0.75. For 
simplicity, we assumed the Higgs mass to be 120 GeV in all our analyses. 

4. Process pp iUjj^r 

In this section we study the process 



where we focus on final leptons being either electrons or muons for easier flavour tagging. 
This final state allow us to look for the events originating from production of triplet fermions 
in Type-Ill sec-saw models as shown in Eq. (3.9). 
The dominant irreducible SM backgrounds are: 



pp^ifititjj^T 



(4.1) 
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Figure 3: Invariant mass distribution of the two possible opposite-sign equal-flavour lepton pairs 
for the signal pp — ^ iUjjfJr- Here we considered a heavy fermion mass A = 200 GeV. 



1. ttW production where the two b from t — )• Wb decay are identified as the jets and 
the three W's decay leptonically; 

2. tiZ where the Z decays leptonically while one top decays semi-leptonically and the 
other decays fully hadronically. Another possibility is that the two top quarks decay 
semi-leptonically, however, one of the four final state leptons is lost or misidentified. 
This background can contain up to 4 jets, in addition to the three leptons, of which 
we require that at least two comply with the acceptance cuts described below; see 
Eq. (4.2); 

3. WZjj and ZZjj with both W and Z decaying leptonically and one lepton in the 
ZZjj case escapes detection. 

In principle the backgrounds from channels containing leptonic Z decays can be reduced 
by vetoing events where the opposite-sign equal-flavour leptons have invariant mass close 
to the Z mass [7,21]. However, as we will see, in this MLFV model signals are large only 
for relatively light triplet fermions, A < 500 GeV, and for these masses the characteristic 
invariant mass of the opposite-sign equal-flavour lepton pair is not far from the Z mass 
either. So the Z veto reduces also the signal and no gain in the observability is obtained; 
for an illustration see Fig. 3. Additional backgrounds, like tt and Zbb, with additional 
leptons produced from the semi-leptonic decays of the b's are negligible when no Z veto is 
applied. Furthermore, we did not take into account reducible backgrounds stemming from 
the misidentification of a jet lepton. 

We start our analysis by applying the following acceptance cuts, that are meant to 
ensure the detection and isolation of the final leptons and jets, as well as a minimum 
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transverse momentum 

|%| < 2.5 , | < 3 , Ai?«, ARij, ARjj, > 0.4 , p^, p^,. > 20 GeV , (4.2) 

and a minimum missing transverse energy 

> 10 GeV . (4.3) 

Next, we look for the two jets to be compatible with a Z or a i.e. 

Mz - 10 GeV < Mjj < rriho + 10 GeV. (4.4) 

Our reconstruction procedure aims to single out events that originate from the reaction 
(3.9) in order to test the MLFV hypothesis, therefore it is not optimized to get the full 
LHC potential for the heavy triplet fermion discovery. In order to reconstruct the Ef and 
N states we need to identify which of the equal sign leptons ^2,3, is produced in the ^^j'^ 
two-body decay, as well as, which lepton comes from the W in the N decay chain. To do 
so we start by reconstructing the two possible values of the invariant mass of each of the 
equal sign lepton plus two jets, Mg^jj and M^^jj. If both M^^jj and M^^jj are incompatible 
with the heavy fermion mass, i.e. 

Mi^jj , Mi^jj ^ (A - 40, A + 40) GeV (4.5) 

the event is discarded. If only one of the two reconstructions is inside this range we 
consider the corresponding lepton as the one coming from Ef. If both M£^jj and Mi^jj 
are inside the range given in Eq. (4.5) we proceed to reconstruct the momentum of the 
neutrino using that in this final state the neutrino momentum can be reconstructed up to 
a two-fold ambiguity: its transverse momentum can be directly obtained from momentum 
conservation in the transverse directions while its longitudinal component can be inferred 
by requiring that {pi, + pe^)^ = that leads to 

PL = ^{i^w + ^ipi' -ikM' ± ]/ [M^ + 2{pI^ ■M'Ip'I' - ^p't'E^'^t)'^ (4-6) 

for = 2, 3 and we label n = 1, 2 the solutions with +, — respectively. If neither £2 nor £3 
lead to a real value of Eq. (4.6), the event is rejected. If only one of them has an acceptable 
solution we classify this lepton as the one coming from W. 

Finally if both leptons lead to satisfactory solutions of Eq. (4.6) we proceed to recon- 
struct the neutral heavy fermion A^. For each £2,3, and using the two possible solutions for 
the momentum of the neutrino p'^k,n (/^ = 2, 3 n = 1, 2) we evaluate four invariant masses 
^iiik^kn- both k = 2 and k = 3 the two M^^^^y^-^ and Mg^^g^^^,^^ are outside the 

interval (A — 40, A -|- 40) GeV we do not consider the event. If only A; = 2 or A; = 3 has at 
least one of the corresponding M^^^^i,^ ^ inside this range we select £k as the one coming 
from W. Finally, if the ambiguity is still there and both leptons have at least one solution 
inside this range we cut out the event. In the cases where we identify the leptons before 
using the reconstruction of the invariant mass of N we also require at the end at least one 
of the two possible reconstructions to be inside the range (A — 40, A -|- 40) GeV. 
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Figure 4: Invariant mass distribution for signal (empty back histogram) and background (filled 
blue histogram) Mijj. In the left panel we show the distribution averaged over the two possible 
combinations with £ = £2 or £ = £3 after imposing the cuts in Eqs. (4.2)-(4.4) and before the 
reconstruction of the Ef and N states. On the right panel we show the reconstructed invariant 
mass after the selection procedure described in the text. The figure is shown for A = 300 GeV 
and for characteristic values of the neutrino parameters: Arn^^ = 2.4 x 10"'^ eV^ (NO), Arn^i = 
7.65 X 10-^ eV^, sin^ 6*23 = 0.5, sin^ 6*12 = 0.304 and sin^ 6*13 = 0.03 and vanishing values of the 
phases a — 6cp = (for these parameters. Ye = 0.37 and = 0.84). 

We illustrate the efficiency of this reconstruction procedure in Fig. 4. In the left panel 
we depict the invariant mass Mijj distribution for the signal (empty back histogram) and 
the background (filled blue histogram) vi^here we averaged over the two possible combina- 
tions with £ = £2 or £ = £3. In this plot we imposed the cuts in Eqs. (4.2)-(4.4) before the 
reconstruction of the Ef^ and states. On the right panel we present the reconstructed 
invariant mass of the selected combination after the procedure described above. As seen 
in the figure the procedure selects most of the right combination for the Ef^ signal peak 
while efficiently reducing the background. 

In Ref. [21] the ambiguity in the assignment of the equal-sign leptons to the heavy 
lepton or the W decays was resolved associating to the W decay the lepton that leads to 
the smallest transverse mass 

= ^24^^T(l-cos<i>4^J , (4.7) 

where is the angle between the lepton and the missing energy. We verified that 

this procedure is almost equivalent to ours for high triplet masses A. Notwithstanding, for 
lighter A our reconstruction procedure selects more often the correct lepton configuration 
and after applying the cuts on the invariant masses of A'^ and Ef^ it renders a better signal 
to the background ratio. For example for A = 200 GeV our reconstruction procedure leads 
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to a misidentification probability of 2% while using only the transverse invariant mass 
ordering this is increased to 12%. 

After cuts and our reconstruction procedure the total cross section of process (3.9) can 
be written as 

aQ{2-5ab)\Ya\^\Y^\^ 

when we generate events with the flavour combination ah. As we will shortly see, most 
of these events are classified as having the correct flavour combination ah by our selection 
procedure, however, a fraction of them are misidentified and labeled ac for 6 7^ c with a 
cross section ai. This happens because we assign wrongly to the triplet fcrmion a same- 
sign lepton with a different flavour coming from W . Notice that both classes of events arc 
exclusive since we reject through the reconstruction procedure events that are compatible 
simultaneously with the ah and ac flavour combinations. Furthermore, Eq. (3.9) is not the 
only signal process leading to the final state of Eq. (4.1) in the case we have two opposite 
sign leptons of the same flavour. In this case there are also contributions from: 



pp 
pp 



(4.8) 



It is easy to see that summing over the undetectable neutrino type m the cross section 
for these processes is proportional to 11^^ and we denoted it by o"2|lbp. These events 
are classified as aa flavour combination with a cross section (73|ybp, or as ah with a cross 
section ((72 — cra)!!^^- So altogether the expected signal {S) cross section in each flavour 
channel is: 



(ri, = (ao - ai) \Y^\^ + ai\Ye\''\Y^\^ + a2\Y^\'' + aalFep , 

= ai (\Ye\^ + \Y^\^) +2{ao- ai) \Ye\^\Y^\^ + (c72 - aa) (\Ye\^ + \Y^\^) , 



= 



(4.9) 



A( GeV) 




cri 


0-2 


0-3 


150 


80.2 


2.05 


7.53 


1.78 


200 


44.2 


0.417 


2.20 


0.625 


300 


12.9 


0.027 


0.125 


0.043 


500 


1.90 


< 10-2 


< 10-2 


< 10-2 



We present in Table 1 the differ- 
ent contributions to the signal cross 
section (in fb) after cuts (4.2)- 
(4.4) and the triplet fermion recon- 
struction for several values of A. As 
we can see, the bulk of the events pass- 
ing our cuts originate from correctly 
reconstructing process (3.9). The SM 
background cross sections are given 
in Table 2, where we can see that the 
dominant SM background is WZjj pro- 
duction. 

We are now in position to evalu- 
ate the expected number of signal (S) and background (B) events for the iiijj^T topology 



Table 1: Contributions to the signal cross sections 
(crfj) in fb for the processes pp — >■ I'^l^l^jjfJT for 
£ = e,fi according to Eq. (4.9). The results are pre- 
sented for different valiies of the triplet fermion mass 
A and they do not include the detection efficiencies for 
the leptons and jets. 
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pp — ^ ttw 


0.016 


0.037 


0.021 


0.045 


0.003 


0.005 


pp ttz 


0.082 


0.068 


0.115 


0.074 


0.036 


0.011 


pp WZjj 


1.66 


1.15 


1.58 


0.950 


0.27 


0.118 


pp ZZjj 


0.04 


0.022 


0.046 


0.028 


0.006 


0.002 


Total 


1.80 


1.28 


1.76 


1.10 


0.31 


0.14 



Table 2: SM background cross sections (c^^) in fb for the processes pp — >■ £^£^ jfx with 
£ = e, fi. The results are presented for different values of the triplet fermion mass A and they do 
not include the detection efficiencies for the leptons and jets. 

with a given flavour combination ab as a function of the neutrino mass and mixing pa- 
rameters. This can be easily obtained from Eq. (4.9), Table 1, and using the values of the 
Yukawa couplings in (2.22)-(2.27) 

^ab^ = ^If X X e , (4.10) 

where C is the integrated luminosity and e = e' x = 0.41 is the detection efficiency for 
leptons and jets. 

Clearly the number of signal events depends on the value of the triplet mass A as well 
as on the neutrino parameters, which we denote here by ^ = (^12, ^13, ^23, Amli, Arr?!^, (5) 
and the Majorana phase a. For example, we present in Fig. 5 the range of predicted number 
of events in the different flavour combinations for a triplet fermion of mass A = 200 GeV 
and an integrated luminosity of i2 = 30 fb~^, where the result is shown as a function of 
the unknown Majorana phase a and the other neutrino parameters 9 are obtained from 
the global analysis of neutrino data [25]. The left (right) panels correspond to normal 
(inverted) ordering. The ranges are shown for values of 9 allowed at lu, 2o, and 99% CL 
while the dotted line corresponds to the best fit values. The horizontal dashed lines are 
the corresponding number of SM background events as obtained from Eq. (4.10) with cross 
sections o"^ in Table 2. 

It is important to notice from Fig. 5 that the two neutrino mass orderings lead to a 
quite distinct dependence of A^^, N^^, and N^^ with the Majorana phase a. Since the 
SM background is rather small compared to the expected signal, we might be able to 
determine the neutrino ordering by simply comparing the three different number of events 
for basically all values of a as well as to obtain information on the value of a. We will go 
back to this point at the end of next section. 

Next we study the observability of this MLFV model as a function of the triplet fermion 
mass A, the range of the neutrino parameters 9 and the Majorana phase a. We estimate 
the significance of the signal by constructing a simple function in terms of the three 
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^=200 GeV L=30 fb"' 




Figure 5: Predicted number of events Nab for pp — > i^i^i'^jj^r with £ = e, /x for a triplet fermion 
of mass A = 200 GeV with an integrated luminosity of £ = 30 fb~^. The horizontal dashed lines 
are the corresponding number of background events; see Table 2. The conventions are the same as 
in Fig. 1. 



signal and background flavour rates for a given value of A 

X\0,a)= Xl,{0,a), (4.11) 

Xlb{0,a) = ForiVf,>10, 

ab 

]\[B 

xHe, a) = 2(iVf, + iVf, In ^ g ) For TVf, < 10 . 

ab ' ab 

Figure 6 shows the significance - estimated as #<t = y^x^ - of the excess of signal events 
pp — I'^l^t^jjlpT for three values of the mass A and for £ = 30 fb~^ as a function of the 
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Figure 6: Signal significance (#cr) in the channel pp — ^ £^£^£^j0T with i = e, fj, for three triplet 
fermion masses and for an integrated luminosity of £ = 30 fb~^ as function of the Majorana phase 
a. The conventions are the same as in Fig. 1. 

Majorana phase a. The significance is shown as obtained for the best fit values of 9 (dashed 
line) and la, 2a, and 99% CL ranges of 6 (filled areas) obtained from the global analysis 
of neutrino data [25]. The left (right) panels correspond to normal (inverted) ordering. 

As long as the number of background events is large enough, the results for other 
luminosities can be simply obtained by rescaling figure 6 by a factor l/y^C/30. From this 
figure we see that with C = 100 fb~^ LHC can discover/discard this MLFV model using 
this channel in most of the presently allowed neutrino parameter space for A < 300 GeV. In 
some parts of the neutrino parameter space, and in particular if the neutrino masses have 
inverse ordering, the reach can be extended to higher masses or to a pp center-of-mass 
energy = 7 TeV as we will discuss in Sec. 6. 
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5. Process pp (-(-jjjj 



The search for Type-III see-saw leptons via process (3.10), i.e. 

pp^i'fifjjjj (5.1) 

with ^1(2) = M does not present ambiguities in the flavour tagging, what favors the test of 
the MLFV hypothesis. However, it is plagued with a large SM background. The dominant 
backgrounds for this process are: 

• ttjj production where the two b's from the t Wb decays are identified as jets and 
both W^s decay leptonically; 

• Z*/j*jjjj with the Z*/j* leading to a charged lepton pair. Notice that this process 
only contributes to the final state with equal flavour leptons. 

Additional backgrounds include ttW and ttZ but after the reconstruction requirements 
they are very much suppressed. For further details see Refs. [7, 10] for a detailed analysis 
of the backgrounds for this signature^. 

Our analysis starts by applying the acceptance and isolation cuts for the final lep- 
tons and jets, as well as the minimum transverse momentum requirement as described in 
Eq. (4.2). Since the signal does not contain any undetectable particle we further required 
a maximum amount of missing energy in the event 

< 30 GeV . (5.2) 

In what respects the reconstruction of the triplet fermions, there are six possible ways 
of grouping the leptons and jets in the final state in two sets of one lepton and two jets. 
We impose that at least one of the six combinations has the two invariant masses inside 
the triplet fermion mass region 

A - 40 GeV < Mejj < A + 40 GeV. (5.3) 

Furthermore the corresponding invariant masses of the two jet pairs are required to verify 

Mw - 10 GeV < Mjj < m^o + 10 GeV. (5.4) 

Since there is no ambiguity in the assignment of the two charged leptons the total cross 
section of process (3.10) is simply given by 

a^l, = a4{2 - 5ab)\Ya\^\Yb\^ . (5.5) 

Even after the reconstruction of the invariant masses of the two triplet fermions, the SM 
backgrounds are still large, in particular the one arising from Z*/j*jjjj. To further reduce 

^We employ the latest version of MadEvent MG5 [30] in the evaluation of these backgrounds. For the 

h* 3333 process MG5 gives a 20-30% larger value of this background after all the cuts are imposed as 
compared to previous versions of MadEvent. 
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Figure 7: Distribution of the charged lepton pair invariant mass for the signal (sohd red histogram) 
and Z* background (dotted black histogram) after cuts (4. 2), (5. 2), (5.3) and (5.4), and for 
a heavy fermion mass A — 300 GeV. 

this background we make use of the fact that in the signal the characteristic invariant mass 
of the two leptons is larger than for the background as illustrated in Fig. 7. Consequently, 
this background is reduced by factor 20-8 for A = 150-500 GeV if we impose that the 
invariant mass of the two charged leptons verify 



We present in Table 3 the cross sections for signal and SM backgrounds after cuts 
(4.2), (5.2), (5.3), (5.4), and (5.6). The predicted number of events for the triplet fermion 
signal in this channel for the different flavour combinations can be easily obtained from 
Eq. (4.10) and Table 3 using the values of the Yukawa couplings in (2.22)-(2.27) and a 
detection efficiency of e = e^^ x = 0.26. 

We plot in Fig. 8 the range of the expected number of events in the different flavour 
combinations as a function of the unknown Majorana phase a for a triplet fermion of mass 
A = 500 GeV and an integrated luminosity of >C = 30 fb~^. The ranges are shown at la, 2a, 
and 99% CL from the global analysis of neutrino data [25], while the dotted line corresponds 
to the best fit values. The left (right) panels correspond to normal (inverted) ordering while 
the horizontal dashed lines stand for the predicted number of SM background events. Here 
again, we can see that the dependence of N^^, N^^, and A'^^ on the CP violating Majorana 
phase a are quite distinct for NO and 10. 

The observability of this MLFV model in the iijjjj channel is depicted in Fig. 9 where 
we show the signal significance as a function of the Majorana phase a for different CL of 



> 100 GeV. 



(5.6) 
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Background (fb) 






ttjj 


z*h*iiii 


A(GeV) 


(74 






150 


276.0 


6.0 


29.3 


200 


216.0 


9.7 


33.2 


300 


74.9 


0.89 


4.6 


500 


11.3 


0.018 


0.057 



Table 3: Signal and background cross sections for pp C-^ (-^ j j j j after cuts (4. 2), (5. 2), (5.3), 
(5.4), and (5.6) for different values of the triplet fermion mass A. These results do not include 
detection efficiencies for leptons and jets. 



the neutrino parameters. Like the previous analysis, we added the flavours combinations to 
define the signal significance. Comparing Figs. 6 and 9 we can see that after the background 
reduction achieved by the mass reconstruction conditions Eqs.(5.3) and (5.4) and the lepton 
pair invariant mass cut (5.6), the channel Mjjjj offers better potential statistical sensitivity 
for the discovery or exclusion of this MLFV model in particular for heavier masses A, despite 
its still larger SM backgrounds. One must keep in mind, however, that the final attainable 
precision depends on the systematic background uncertainties which are expected to be 
larger for this channel [7] . 



We can see from Figs. 5 and 8 that the two neutrino orderings lead to a very distinct 
dependence of iV^, N'^^, and N^^ as a function of a for both final states. It is particu- 
larly striking the upper right panels that presents a very narrow range for the ee flavour 
combination for inverted ordering and a fixed value of a. Thus one expects to be able to 
discriminate between the inverted and normal ordering of the neutrino masses studying the 
correlations between the different flavour combinations for a large fraction of the values of 
the unknown phase a, or even to determine its value. 



To illustrate this point we have assumed that the observed number of events in the 
three flavour combinations for both pp — >■ Mijj^r and pp — )■ iijjjj are those predicted for 
a given mass A (assumed to be independently determined) in the NO for the best value of 
oscillation parameters 6\) and for some fix value of the Majorana phase a plus the expected 
background events, i.e. Nf^^{6\^,a) = Nf{6h,a) + A^^,;^ with f = 1,6 corresponding to 
ee, en, pfi for the two processes . We then try reconstruct the ordering and value of a by 
fitting those six rates N°^^ in either NO or 10 with different values of 6 (within their 95% 
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Figure 8: Predicted number of events Nab for pp — ^ ^a^^ jjjj fo'^ 8' triplet fermion of mass 
A — 500 GeV with an integrated luminosity of £ = 30 fb^^. The horizontal dashed lines are the 
corresponding number of background events. The conventions are the same as in Fig. 1. 



CL allowed region from oscillations) and a. In order to do so we define 



mm 

e e 95%CL ^ 

i=l,l 



a 



a 



+iV°b^(^b,a)ln 



iVf(^"*,a)+iVf 



forNf"(6'b,a) > 10 



forNf^(4,a) < 10 



(5.7) 
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Figure 9: Expected significance of signal versus background events for pp — > ia^^jjjj foi' 
three triplet fermion masses and for an integrated luminosity of £ = 30 fb^^. The conventions are 
the same as in Fig. 1. 

We plot in Fig. 10 Xmmi'^) three values of q = 0, ^, and vr. Clearly for the panels in 
the left which corresponds to the NO Xmini'^) presents a minimum for a = a. The panels 
on the right show for which cases the event rates simulated could also be predicted by 10 
with a somewhat different value of a. Whenever one of the curves do not appear in the 
right panels it is because the corresponding Xmin('^) > values of a. 

Figure 10 illustrates that for masses A < 200 GeV it is possible to discriminate between 
NO and 10 except for a ~ ^. Furthermore in those cases for which discrimination between 
NO and 10 is possible one also obtains information on the value of a. As the mass increases 
it becomes harder to disentangle 10 and NO, and for 500 GeV for any value of simulated 
a there is always a value of a for which the expected rates in 10 mimic the simulated ones 
in NO at better than ~ 2a. 
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Figure 10: Xmini'^) defined in Eq. (5.8). The full, dotted and dashed lines correspond to a 
simulated value of the event rates in NO for best fit values of oscillation parameters and a = 0, ^, tt 
respectively. Whenever one of the curves do not appear in the right panels it is because the 
corresponding Xmin('^) > 20 for aU values of a. 



6. Signals at 7 TeV 



The present LHC run with a center-of-mass energy of 7 TeV has been very successful 
exhibiting a rapidly increasing integrated luminosity. Therefore, we present in this section 
the prospective LHC reach for this run. We analyzed the pp — )• Mljj^T signal at 7 TeV 
applying the cuts defined in Eqs. (4.2)-(4.4), as well as, our reconstruction procedure 
described in Sect. 4. We display in Table 4 the contributions to the signal cross sections 
i'^ab) processes pp — )■ i'^i^ j jJ^T for £ = e,fj, according to Eq. (4.9). As we can 

see, the reconstruction efficiency and the misidentification are at the approximately same 
level for the 7 and 14 TeV runs. Of course, the signal cross section at 7 TeV is a factor 2-4 
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PP 11 1'^ 3333 


A( GeV) 












150 


33.2 


0.958 


3.25 


0.820 


111 


200 


16.3 


0.176 


0.852 


0.259 


78.4 


300 


3.72 


0.009 


0.036 


0.013 


21.0 



Table 4: Contributions to the signal cross sections (o"ff,) in fb for the processes — >■ l'^ j j^r 
and PP ia^b^jjjj £ = e,iJ, according to Eq. (4.9) and Eq. (5.5) for a 7 TeV center-of-mass 
energy. These results do not include the detection efhciencies for the leptons and jets. 





A = 150GeV 


A = 200GeV 


A = 300GeV 


Process 


<^fe = C 




^fe = C 




^^fe = C 




PP tiW 


0.0073 


0.0129 


0.0074 


0.0147 


0.0010 


0.0017 


PP —7- ttZ 


0.0187 


0.0143 


0.0214 


0.0161 


0.0057 


0.0017 


PP — WZjj 


0.5653 


0.3656 


0.5475 


0.3053 


0.0709 


0.0336 


PP ZZjj 


0.0138 


0.0107 


0.0133 


0.0082 


0.0012 


0.0007 


Total {mjju) 


0.605 


0.403 


0.590 


0.344 


0.079 


0.038 


PP ttjj 


1.30 


2.60 


1.93 


3.86 


0.15 


0.30 


PP Z*/^*jjjj 


10.3 





11.3 





0.26 





Total {Ujjjj) 


11.60 


2.60 


13.23 


3.86 


0.41 


0.30 



Table 5: SM background cross sections (tr^) in fb for the processes pp — )• e^l^i^jj^T and 
PP — > £^ j j j j for £ = e,fj, and a 7 TeV center-of-mass energy. The results arc presented for 
different values of the triplet fermion mass A and they do not include the detection efficiencies for 
the leptons and jets. 

smaller than at 14 TeV. 

We present in Table 5 the main irreducible backgrounds for the iUjj^r channel after 
cuts and our reconstruction procedure but without including detection efficiencies. As we 
can see the most severe background is again the WZjj production with cross sections of 
the order of 0.5 fb or smaller depending on A. Therefore, for integrated luminosities of 
the order of 10 fb^^ we can anticipate a handful of background and signal events for light 
triplet fermions, i.e. A < 200 GeV. 

We also analyzed the Ujjjj channel at 7 TeV applying the cuts and reconstruction 
procedure stated in Eqs. (4.2) and (5.2)-(5.4). The signal and background cross sections 
after cuts without including the detection efficiencies are presented in Tables 4 and 5. Once 
more, the most relevant background for equal flavour leptons is Z* /■~f*jjjj production while 
the ttjj process is dominant for different flavour leptons. 

Figure 11 depicts the significance of the signal versus background for different values 
of the heavy fermion mass and assuming the same detection efficiencies than for 14 TeV 
and an integrated luminosity of 10 fb~^. To compensate for the smaller statistics the event 
rates for the three flavour channels have been added for each of the two processes and 
the significances for two total event rates have been combined. As before, the predictions 
are shown as obtained for the best fit (dashed line) and la, 2a, and 99% CL neutrino 
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Figure 11: Expected significance #(7 of signal versus background events for a center-of-mass 
energy of 7 TeV and assuming the detection efficiencies used in the 14 TeV analyses. The conventions 
are the same as in Fig. 1. 

parameter ranges (filled areas) obtained from the global analysis of neutrino data [25] . We 
can see from this figure that integrated luminosities of the order of 10 fb~^ can lead to the 
discovery of the new heavy fermions in a significant range of a for masses A < 200 GeV. 

7. Summary and discussions 

In this work we have analyzed the signal of Type-Ill see-saw models with MLFV taking 
into account the constraints emanating from low energy neutrino data. We have presented 
our results as a function of the Majorana phase a for the best fit and lo", 2cj, and 99% CL 
neutrino parameter ranges obtained from the global analysis of neutrino data [25] . We have 
optimized the analysis for a center-of-mass energy of 14 TeV, however in Sec. 6 we have 



-27- 



also studied the potential of the LHC running at 7 TeV and with integrated luminosity 
0(10) fb~^ to probe part of the parameter space of this model. 

After careful analyses of the signal and SM backgrounds we have established that mass 
scales of the order of 300 (500) GeV can be probed in the channel Uijj^r (Ujjjj)- It is 
interesting to notice that the iljjjj final state can be the best discover channel for triplet 
fermions at the LHC if their larger SM backgrounds are well understood. Moreover, once 
a signal of Type-Ill see-saw models with MLFV is observed its energy scale A can be 
precisely determined by measuring the mass of the new heavy fermions; as an illustration 
see Fig. 4. One very clean channel for this determination is the production of the charged 
lepton Ef followed by its decay into three leptons, provided there will be enough integrated 
luminosity available. 

Finally let us comment that the discovery at the LHC of the triplet fermions predicted 
by MLFV Type-HI see-saw models is not only important for unraveling the mechanism 
responsible for the tiny observed neutrino masses, but it may also allow for the determina- 
tion of the ordering of the neutrino masses. In fact, the ratio of the flavour combinations 
ee, /i/x, and e/x can discriminate between inverted and normal ordering as we can see from 
Figs. 5, 8 and 10. 
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